ABSTRACT: Blends of rosin and beeswax were studied in terms of their thermal and mechanical behaviors. Their glass transition and a relaxation were both characterized, either by differential scanning calorimetry or by dynamic mechanical thermal analysis. In this study, we focused particularly on the impact of the microstructure on the mechanical properties, as studied by compression, shear, and nanoindentation tests. It is shown that at room temperature, these blends exhibited a viscous behavior in both the elastic and plastic regimes. From these measurements, a superplastic behavior was highlighted for blends with more than 60 wt % rosin. This superplastic behavior constitutes a real new potential in the mechanical reliability of adhesives based on rosin, which are more generally known for their very brittle behavior. As a result, it should open the way for the design of new shapes.
INTRODUCTION
Rosin is a biosourced material known as a very good tackifier because of its very low surface tension when mixed with the correct solvent. 1, 2 However, at room temperature (RT), it remains very brittle, having a toughness on the order of magnitude of tens of kilopascal meters 0.5 ; this prohibits it from being included in most industrial applications in its pristine state. An amount of 90 wt % of rosin is formed by a complex blend of diterpenebased acids with the empirical formula C 20 H 30 O 2 . The other 10 wt % is a blend of esters, alcohols, aldehydes, and hydrocarbons. 2 Numerous isomers belonging to three acids groups, namely, abietic, D-pimaric, and labdanic, compose the acidic fraction. 3, 4 The cohesion of rosin is ensured by weak bonds (van der Waals interactions and hydrogen bonding of the hydroxyl groups), 5 but the structure remains amorphous as long as one of the isomers does not exceed 30%. 6 The mechanical behavior of amorphous materials has been extensively studied, but no complete bibliography on the mechanical properties of rosins exist. Deformed close to their glass-transition temperature (T g ) or under a high confining pressure, amorphous materials can present several deformation mechanisms of plasticity before fracture. 7, 8 At high a T/T g ratio (where T is the temperature), amorphous materials exhibit a homogeneous Newtonian behavior. On the other hand, when the temperature is much lower than its T g , shear bands are the seat of inhomogeneous deformations. Several deformation mechanisms have been proposed to explain this latest behavior. Indeed, silica glasses deform by permanent densification and sliding. 9, 10 On the contrary, the plastic deformations of metallic glasses are the result of a collective rearrangement of sheared clusters, that is, the socalled shear transformation zone proposed by Argon.
11-13 A similar concept of sheared microdomains was also used by Perez 14 for modeling the behavior of amorphous polymers.
One classical way to change the mechanical properties, or any other properties, of polymers consists of their blending with another material or by the incorporation of particles. [15] [16] [17] This addition confers to the blends new combined properties and may modify in the same way T g and, so, the rheological properties. Depending on the miscibility of the two initial materials, this blend may result in a homogeneous material with a single glass transition or in a composite one with two glass transitions. In this article, we present a study of the thermomechanical behavior of melted rosin with a biosourced plasticizer, beeswax. 18 If the major expected effect of this addition was evidently to improve the toughness of rosin, we show that it also revealed the superplastic behavior of some of the obtained blends, depending on the beeswax ratio. First, beeswax and rosin in their pristine states but also a blend of rosin and beeswax were studied by step-scan differential scanning calorimetry (DSC) to fully characterize their polymorphic transitions, glass transitions, and melting behavior. In particular, a close relationship between the rosin content and polymorphic transition temperatures of the crystalline part of the blend was confirmed. Then, the discussion is devoted to the viscoelastic properties studied by dynamic mechanical thermal analysis (DMTA). In particular, both the glass transition and polymorphic transitions of the different blends appeared to be closely related to their viscoelastic behavior. The last part focuses on the mechanical properties of the different blends. Particularly, the mechanical responses experienced under different solicitations of compression, shear, and nanoindentation are compared in terms of the strain rate sensitivity (m). This revealed a viscoplastic behavior at RT that tended to superplasticity for blends containing more than 60 wt % rosin.
EXPERIMENTAL
Pristine rosin and beeswax were both purchased at a professional apiarist. 19 They were melted at 100 C. The complete melting procedure was described in a previous article. 18 The blends are referenced as X wt %, where X is the weight proportion of rosin. DSC experiments were conducted on a PerkinElmer 8000 instrument. To obtain complete separation between the glass and polymorphic transitions, [20] [21] [22] [23] [24] step-scan DSC experiments were performed. A first ramp was realized to reach complete melting, and then, the samples were cooled to 0 C. The sample was then reheated to 80
C. This was the second heating that is always presented as a step-scan DSC thermogram in this article. A step scan consists of incremental steps of temperature (in our case, steps of 1.5 C were applied). Each step was composed of a temperature ramp, where the temperature was increased very rapidly (40 C/min), followed by a plateau of 45 s. In this way, the transitions coming from kinetic processes, such as phase transitions or melting, were separated from the total heat flow. This method is classically used to isolate phase transitions (detected during the plateau) from the glass transition (detected during the temperature steps). [25] [26] [27] In the following, two curves are presented for each step scan. The heat flow curve was representative of the glass-transition phenomena, whereas the specific heat curve was representative of the total heat flow.
DMTA was performed on a Bohlin Instruments apparatus. Cylindrical samples 8 mm in diameter and 8 mm in height were tested in compression. A single temperature ramp between 0 and 60 C was applied at a rate of 0.3 C/min. Small deformations of 1.25 Â 10 À4 were applied at different frequencies (f 's) between 0.1 and 10 Hz. The storage modulus (E 0 ), loss modulus, and also phase tan d were measured. m was determined as follows:
Compression and shear tests were performed with an electromechanical Erichsen apparatus at a temperature of 19.8 6 0.3 C. Cylindrical samples 10 mm in height and 8 mm in diameter were compressed at constant velocities of 0.0015, 0.01, 0.1, and 1 mm/s. Experiments at a constant strain rate were also conducted on 30 and 80 wt % blends. A release agent was used between the sample and the plates of the machine to reduce friction. The friction was considered negligible, and the tests were considered purely uniaxial. The true stress (r) and true strain (e) were defined classically as follows:
and
where F is the force applied to the sample, l 0 is the initial height of the sample, l(t) is the height of the sample measured in situ during the compression test, and S(t) is the in situ section of the sample, calculated from l(t) with a volume conservation assumed. The length of the sample was recorded in situ with a digital camera at an image acquisition frequency of 33 Hz.
Stress-strain curves were fitted with the G'Sell-Jonas law 28 to determine the strain rate sensitivity of the different blends (m comp ). The following law was used:
where r 0 is the strength, _ e is the strain rate _ l/l (where _ l is dl/dt), m is the power of _ e, and h g and u are parameters characteristic of strain hardening.
Blends were also deformed by the shear way as follows. Two pieces of wood were assembled with an adhesive pad cast in an O-ring 2 mm in width and 10 mm in diameter. The wood was used to ensure good adhesion and transfer of the shear displacement to the adhesive pad. The global equivalent stress (s) and global equivalent strain (c) curves were deduced from the following formulas:
where S is the section of the adhesive pad, e is its thickness, Dl is the relative displacement between the two pieces of wood along the loading direction, and _ c ¼ D _ l=e is the global equivalent strain rate.
Nanoindentation tests were realized with a Hysitron apparatus (Minneapolis, USA) with a Berkovich indenter having a tip defect about 200 nm in radius. The constant _ h=h, where h is the indentation depth and _ h is dh/dt, was applied. The calibration of the indenter shape was performed with fused silica as a reference. The strain rate sensitivity, as determined by the nanoindentation tests (m nano ), was determined as follows:
where F| h is the applied force at a constant penetration depth.
RESULTS AND DISCUSSION

Microstructure
Microstructures of the different blends were examined in a previous study. 18 Beeswax is a partially crystalline material. It crystallizes into a needle-shaped structure. When mixed with rosin, its microstructure evolves, and above all, the size of the needle decreases. Furthermore, for blends containing up to 90 wt % rosin, the beeswax fraction consists of spherical crystallites uniformly distributed in the matrix. 18 Pure beeswax exhibits several polymorphic transitions before its melting point at about 65 C. As studied by DSC, these polymorphic transitions appeared clearly at a rate of 1 C/min. 18 Figure 1 presents the step-scan DSC thermograms obtained for both beeswax and rosin. In case of beeswax, three polymorphic transitions (t 1 , t 2 , and t 3 ) before melting m have been reported in the literature. [22] [23] [24] All of these transitions can be observed on the specific heat curve presented in Figure 1 . At the same time, the heat flow curve presented a monotonous increase, which confirmed that these transitions were not glassy ones. With regard to rosin, the variation in the specific heat curve was also observed but around a temperature of 40 C. The amplitude of this variation was very much smaller compared to the peaks observed in beeswax. Furthermore, as for beeswax, this variation was not accompanied by any sudden change in the heat flow curve. Unlike ambers and aged or commercialized resins, which generally exhibit a glass transition between 20 and 100 C, 20 the rosin used here did not exhibit a glass transition.
The same experiment was repeated on a blend of 75 wt % rosin. As described elsewhere, 18 the addition of rosin in beeswax plays a key role in the polymorphic transitions and their associated temperatures. Meanwhile, beeswax exhibits three polymorphic transitions in its pristine state during melting; blends containing more than 15 wt % rosin suffer only two transitions, the t 2 and t 3 transitions. Furthermore, the temperatures associated with t 2 and t 3 appear to decrease with the content of rosin. The beeswax/rosin phase diagram presented in Gaillard et al. 18 showed that the temperature of the t 2 transition varies from 51 C for pure beeswax to about 33 C for blends containing 90 wt % rosin. For a 75 wt % blend, t 2 ¼ 38.3 C and t 3 ¼ 46.7 could be deduced. These values were in good accordance with the thermogram given in Figure 2 . Additionally, we observed that the blending of beeswax with rosin led to the observation of a T g characterized by an heat capacity jump (DC p ) on the heat flow curve. T g was measured as the inflection point of DC p at a temperature of about 31 C.
Finally, the microstructure of the blends could be understood as follows. As shown by Gaillard et al., 18 the blends exhibit a crystalline part uniformly dispersed in the amorphous fraction. The crystals adopt a needle shape, a typical feature of beeswax microstructure. 29 The amorphous part comprises the rosin and the amorphous fraction of beeswax. The amorphous fraction of beeswax includes the longest carbon chains, that is, the molecules of beeswax, typically polyesters that contain up to 95 carbons. The appearance of a glass transition suggests that amorphous parts of beeswax and rosin are intimately linked.
DMTA
The following is devoted to the DMTA of the different blends. A 75 wt % blend was chosen to illustrate the impact of the glass transition and the polymorphic transition on the mechanical properties. Figure 3 presents the evolution of the E 0 , phase, tan d, and strain rate sensitivity determined by DMTA (m DMTA ) as a function of the temperature. For convenience, the temperature associated with the glass transition, and the transitions t 2 and t 3 of this blend are also indicated on Figure 3 . The evolution of the calculated m was very similar to that of tan d measured experimentally.
Typically, we can describe the evolution with the temperature of the thermomechanical response of this blend in the elastic deformation range in the following manner. By DSC (Figure 2) , T g was measured at 31 C, the t 2 transition was measured at about 38 C, and the t 3 transition was measured at about 46 C. The complete process, glass transition, polymorphic transition, and melting, started at about 24 C and finished at 60 C. Mechanically, the first increase in tan d and m DMTA was detected between 12 and 35 C. In this range of temperature, two distinct phenomena occurred: first, the glass transition of the blend located at 31 C and, second, the t 2 transition centered at 38 C, that is, above 35 C, but starting at about 24 C, as shown on Figure 2 . So, mechanically, it appeared to be difficult to deconvolute T g from t 2 . Even so, these two transitions resulted in a single increase in tan d and m DMTA . A second increase in m DMTA was observed from a temperature of about 40 C and coincided with the t 3 transition. According to Kameda, 22, 24 the polymorphic transitions in beeswax are also accompanied by a mobility in the conformational transformations from a transgauche to a trans-trans conformation. This trans-trans conformation corresponds to molecular disentanglement and so can be considered the a relaxation of the beeswax fraction contained in the blends.
It was interesting to note that even at RT (RT ¼ 20 C), m was clearly influenced by T g and the t 2 transition, even when these transitions took place at 31 and 38 C, respectively. This influence grew as well as the t 2 transition was close to the RT, that is, as well as the proportion of rosin contained in the blend was going to increase. So, in this way, m should have increased with the content of rosin.
Superplastic Behavior
Compression and shear tests were performed on all of the blends. Figure 4 presents the typical stress-strain curves obtained in compression for the 30 wt % blend and for shear tests on the 80 wt % blend. The compression tests presented in Figure 4 (a) were realized at constant strain rate of 9.4 Â 10 Step-scan DSC thermogram obtained for a blend of 75 wt % in rosin. t 2 and t 3 are the polymorphic transitions of the crystalline part. T g refers to the glass-transition temperature of the amorphous part. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.] Nanoindentation tests were performed on a 75 wt % specimen and on pristine rosin as a reference. Figure 5 . In particular, the unloading curve revealed a viscoplastic behavior characterized by the nose effect observed above all at a high deformation rate; 29 this revealed that the sample was still plastically deformed, whereas the load was withdrawn. This nose effect can be avoided by interposition between loading and unloading of a break of several seconds by the holding of a constant force. 31 Furthermore, the adhesion between the indenter and the beeswax/rosin blends led to the measurement of negative forces at the end of the unloading segment. This type of curve is characteristic of indentation on adhesive material. 32, 33 The amplitude of this adhesive force is directly related to the surface of the contact between the tip and the sample when the maximum load is reached.
The obtained indentation curves clearly indicated a high m, which was evaluated to 0.39 6 0.03 with eq. (6). With pristine rosin, the indentation curves shown in Figure 5 34 the mechanical behavior of the blends could be considered as superplastic for any value of m greater than 0.3, that is, for a rosin content up to 60 wt %.
CONCLUSIONS
Blends of rosin and beeswax formed a partially crystalline material. When the crystalline part was only due to beeswax, the amorphous part was a close blend of rosin and the amorphous part of beeswax. Both the amorphous and crystalline parts were decoupled in step-scan DSC. This meant that the thermograms exhibited both a glass transition and the a relaxation of beeswax, and this conclusion was confirmed by DMTA measurements.
The m value at RT in the elastic but also in the plastic regime appeared to be greatly influenced by the glass transition but also by the first phase transition of the crystalline part of the blends, themselves dependent on the rosin content. Although in their pristine state, beeswax and rosin are two materials in which elastic/plastic regimes do not exhibit high m at RT, the blend of rosin and beeswax are more prone to viscous behavior.
In particular, the viscoplastic behavior reached the superplastic regime for blends with more than 60 wt % rosin. It was interesting to note that the addition of only 10% plasticizer was enough to enhance the superplastic regime of the rosin. New perspectives for the design of complex shapes may be exploited thanks to this superplastic behavior. The mechanical reliability of these adhesives based on rosin will then be largely improved.
Finally, the use of several mechanical tests combined with DSC and DMTA measurements allowed us to fully understand the behavior of the different blends. Indeed, the complex plastic behavior of the pristine rosin cannot be studied with only classic mechanical testing. Only the solicitation of the sample under high confining pressures, as reached in nanoindentation, allowed us to plastically deform rosin at RT. The results given by the different techniques were in good accordance and clearly confirmed the superplastic behavior of the beeswax/rosin blends at RT.
